While enteroinvasive Escherichia coli (EIEC) and shigellae are genotypically nearly identical, a difference has been reported in the infective dose to humans: EIEC is 10,000-fold less infectious than shigellae. A possible basis for this difference lies in the inherent invasiveness of these bacteria toward epithelial cells. Thus, despite the high degree of homology between the invasion plasmids of EIEC and shigellae, substantial differences in genetic organization and/or sequence may exist. We have undertaken a systematic genetic analysis of the EIEC plasmid pSF204, using transposon mutagenesis. Congo red-negative TnphoA insertion mutants (Pcr-PhoA-) and TnphoA fusion mutants (PhoA+) were isolated and screened for the ability to invade cultured HEp-2 cells.
Enteroinvasive Escherichia coli (EIEC) comprises a group of organisms known to cause a dysentery-like enteritis in humans, similar to that caused by Shigella species. Experiments conducted with both chimpanzees and human volunteers by DuPont et al. (13) demonstrated that EIEC has the capacity to invade intestinal epithelial cells, multiply intracellularly, and produce a disease indistinguishable from shigellosis. Genetically, EIEC pathogenesis has been shown to be very similar to that of Shigella species in that it is multifactorial and requires the concerted expression of genes present both on the chromosome and on a 140-MDa plasmid (for a review, see reference 16). Expression of plasmid genes has been shown to be required and sufficient for the bacterium to invade epithelial cells in vitro (36) . In Shigella flexneri, these genes constitute the vir regulon (16) . The vir regulon includes a 30-kb DNA stretch encompassing the transcriptionally divergent ipa and nvci-spa genes (16) . The ipaBCD genes encode immunodominant surface-associated proteins proposed to act as adhesins and/or invasins (7, 8, 26, 38, 44) and are conserved in EIEC (17, 18) . Among the activities also attributed to products of the ipa locus is a contact hemolysin (IpaB) implicated in escape from the phagosome (20, 37) . Further upstream of the ipa genes lie the mxi and spa genes, which are required for surface presentation and/or secretion of the Ipa and other proteins into the medium (3) (4) (5) (6) 45) . The mxiA gene and the mxiB gene (also named spa47) and other genes of the rn-spa region have been proposed to function as a specialized export machinery for the Ipa proteins (5, 6, 45) which, despite the lack of signal sequences, are found at the cell surface (44) . An additional gene, icsB, which lies promoter proximal within the ipa operon, and the unlinked icsA (virG) and virK genes are * Corresponding author. Electronic mail address: PBAV@dbl.
cc.rochester.edu. required for intra-and intercellular spread (2, 9, 24, 30) . The whole vir regulon is regulated by two transcriptional activators, the virB (ipaR) and virF gene products, which function in a cascade (1, 11, 32) . Repression of the plasmid vir regulon in response to low temperature (30°C) is mediated by the chromosomal virR (osmZ) gene product (12, 21, 22, 28) , a histone-like protein which itself directly modulates the expression of the plasmid transcriptional activator virB gene (43) . Other chromosomally encoded virulence factors include the kcpA gene product necessary for cell-to-cell spread (31, 46) and for a positive Sereny test (14) , the 0 side chain of lipopolysaccharide (35) , and products of the arg-mtllinked iuc locus, which encodes the aerobactin siderophore system required for intracellular iron acquisition (23 by using a phoA-specific oligonucleotide (5'-AATATCGC CCTGAGC) and inserts from two pSF204 (fragment E; see below) subclones described earlier, pRJ6 and pPS15 (39) . For further analysis of the TnphoA fusion joints, pKS+ (Stratagene) subclones were obtained by using pSF204 restricted with BamHI or, when necessary, EcoRV and kanamycin resistance and/or PhoA+ for selection and screening.
Nucleotide sequence analysis. Single-strand sequence analysis was performed at the University of Rochester DNA Microchemistry Core Facility by using TnphoA-specific primers and the KS and SK primers on an automated sequencer (Applied Biosystems). The nucleotide sequences of both complementary strands of invXwere obtained by the dideoxy method (33) , using double-stranded purified plasmid DNA as the template, obtained after subcloning in Bluescript plasmids. Sequence homology searches were carried out by using software from the University of Wisconsin Genetics Computer Group. Homology searches for PB182 and PB233 were kindly performed by Claude Parsot (Institut Pasteur, Paris, France).
Other methods. The gentamicin protection assay was performed as described previously (40) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and immunoblot analyses were carried out as described elsewhere (10, 25) . The Ipa-reactive monkey serum and the rabbit-raised PhoA-specific antiserum were kind gifts from T. L. Hale (Walter Reed Army Institute of Research, Washington, D.C.) and D. Low (University of Utah), respectively.
Nucleotide sequence accession number. The nucleotide sequence of invX has been deposited in GenBank under accession number L18941.
RESULTS
Isolation of Pcr mutants affected in in vitro invasion. The ability of S. flexneri colonies to adsorb the basic dye Congo red has been correlated to virulence (27) . A total of 39 TnphoA insertion mutants (PB135 to PB173) affected in the ability to bind Congo red, half of which carried the mutation on the large invasion plasmid pSF204, were isolated. Of these, six mutants were retained for detailed study (Table 1) . Two different Pcr phenotypes could be distinguished. Negative (Pcr-) mutant colonies were undistinguishable from HB101 colonies on Congo red medium, and variant (Pcrvar) mutant colonies were different from both HB101 and HB101(pSF204) in either tint or color intensity; e.g., some colonies were as dark red as the parent colonies but of a different red, and others were clearly less dark than the parent colonies but not as clear as HB101 colonies. It should be noted here that while determination of the Pcr phenotype is inherently subjective, as it is affected by colony size, light, and depth of the growth medium, as well as the eyes of the reader, all Pcr phenotype evaluations were carried out in a blind fashion with regard to invasion phenotype and mapping information. None of the mutants tested were PhoA+ on VIRULENCE GENES OF ENTEROINVASIVE E. COLI 4819 (39.5-kb) and E (27-kb) fragments (Fig. 1) . Relative positions of TnphoA insertions on each fragment were determined by integrating information obtained from BamHI restriction analysis (TnphoA carries a single BamHI site within its sequence) and Southern blot analysis using phoA-specific and plasmid-specific probes. The PhoA+ and Pcr-PhoA-insertion mutations considered here define a stretch of approximately 30 kb which is essential for invasion of HEp-2 cells. Within this segment, three clusters of PhoA+ fusions identify genetic loci encoding proteins which are exported beyond the cytoplasmic membrane: group 1, characterized by a single isolate, PB257; group 2, comprising PB182 to PB124; and group 3, comprising PB234 and PB255 (Fig. 1) . In contrast, Pcr-PhoA-insertions are less clustered. Furthermore, two of these mutations (TnphoA143 and TnphoA169) map to an area located between group 1 and group 2 mutations where PhoA+ mutations were not found, suggesting that these mutations may lie in genes encoding proteins which are not exported beyond the cytoplasmic membrane yet are required for entry. Another PhoA-mutation (TnphoA1"4) carries a deletion internal to fragment E, which does not affect the level of Ipa expression but causes a Pcrvar colony phenotype. All PhoA+ and PhoA-mutations which map between TnphoA1" and TnphoA"7, including group 1 and 2 mutations, were phenotypically Pcr- (Table   1 ). In contrast, one mutation of group 3 (TfnhoA234) and two PhoA-mutations (TnphoA14l and TnphoA 51) which map to the same region were phenotypically Pcrvar. Southern analysis of the PhoA' fusions revealed two opposite transcriptional orientations, with the single fusion of group 1 running opposite those of groups 2 and 3.
Structural analysis of group 1 and group 2 TnphoA gene fusions and fusion products. Selected plasmid mutations were further studied with respect to the nucleotide sequence at the point of TnphoA insertion. Restriction fragments carrying the TnphoA insertion point were identified, isolated, and religated into pKS', when possible using kanamycin resistance and/or PhoA activity for selection. Nucleotide sequence analysis was carried out by using a phoA-specific primer for TnphoA upstream sequences or an IS50-specific primer for downstream sequence in the case of TnphoA"7.
Comparison of these sequences with Shigella plasmid sequences revealed close to 100% homology (data not shown) and identified the TnphoA insertion sites (Table 2) as well as the upstream reading frame. By this analysis, TnphoA"7 (group 1) lies in the EIEC ipaC homolog (7, 38, 44) . This finding is consistent with the Inv-and Pcr-phenotypes of PB257 and with the cell surface association and/or excretion of the ipaC gene product (5, 34). Furthermore, PB257 expresses a PhoA-cross-reactive fusion product with an apparent molecular size of 66 kDa, which is in agreement with the size predicted for the S. flexneri ipaC gene product (Table 2) . Group 2 mutations map to several mxi genes identified in S. flexneri (Table 2) (3, 4, 31a) . Again, the relative map positions and transcriptional orientations of the EIEC gene homologs match those of Shigella mxi genes, and the observed phenotypes are consistent with those of mxi mutations in Shigella species, i.e., Inv-, Pcr-, and presence of the gene product at or near the cell surface. Apparent molecular weights of the mxiM (TnphoA265), MXi! (TnphoA2" and TnphoA'), and mWxG (TnphoA182 and TnphoA"23) fusion products were also in good agreement with predicted molecular weights of the Shigella mature gene products.
Structural (Fig. 2) . Comparison with the published Shigella sequence, which includes a partial sequence of the proposed gene (the first 159 nucleotides, assuming a GUG start) (45), spa24 invX reveals near identity with the EIEC sequence, including the proposed leader sequence and leader peptidase processing site. Three substitutions, an A-NT, an A-G, and a T-IC at positions 117, 129, and 150, respectively (Fig. 2) , generate a single conservative amino acid change: a threonine-forserine substitution at amino acid 32 of the Shigella sequence. The predicted amino acid sequence of the mature gene product, assuming a processing site located as indicated in Fig. 2 , is 60 amino acids long, for a calculated molecular mass of 6,528 Da. The observation by immunoblot of a mature PhoA hybrid product of the expected molecular weight and the regulation of its expression by temperature further indicate that this gene is expressed in E. coli (Table  2) . We conclude that these mutations (TnphoA255 and TnphoA151) define a new gene whose product is a cell envelope-associated or secreted protein which is required for invasion of HEp-2 cells. An alternative possibility is that these mutations exert a negative polar effect on unidentified downstream genes which are themselves essential for invasion. TnphoA14l, because of its upstream proximity to the proposed new gene start site, may also exert its phenotype through polarity on the proposed new gene or unidentified downstream genes. In view of the phenotype of the mutant, we have designated this new gene invX. ipa gene expression in TniphoA insertion mutants. Expression of the ipa genes was determined by immunoblot analysis using immune serum from a monkey which had recovered from a Shigella infection. We found minor differences in the apparent molecular weights of antigens encoded by the EIEC plasmid, pSF204, and those encoded by the plasmid of S. flemenri M9OT, pWR100 (data not shown). As in S.
flexneri, expression of the Ipa homologs was repressed at 300C. The band from HBlOl(pSF204) corresponding to IpaB uniquely appears as a doublet (Fig. 3) . However, expression of the upper band of the doublet is present at the nonpermissive temperature (Fig. 3) , suggesting that this band may actually not be a posttranslational product of ipaB. Instead, this band may correspond to the product of the ipaH gene homolog, since the IpaB and IpaH proteins have similar molecular masses in S. flexneri (62 kDa versus 60.8 kDa) (19) . Mutant PB257 (group 1) was the only mutant exhibiting an altered Ipa pattern. In this mutant, only the IpaB homolog band is being expressed. This finding is consistent with TnphoA25'7 lying in the ipaC gene homolog of EIEC and the known genetic organization of the ipa locus in shigellae; i.e., the observed polarity on ipaD and ipaA suggests a similar ipaBCDA gene order. As in shigellae, mutations which (Fig. 1) . These data confirm those obtained earlier by using TnS mutagenesis and complementation analysis of the same plasmid (39) . Pcr-PhoA-mutations were relatively more spread out than the PhoA' mutations, which were clustered in three distinct areas. This finding implies that plasmid genes encoding both envelope-associated proteins and cytoplasmic or inner membrane proteins are required for invasion, as has been observed in Shigella species. Overall, our results indicate a high degree of structural and functional homology between Shigella species and EIEC in regions of the plasmid corresponding to the genes of the ipa, nmi, and spa loci (3, 4, 7, 38, 44, 45) . Analysis of the EIEC plasmid mutations revealed near identity of the EIEC plasmid pSF204 to the S. flexneri plasmid pWR100 with regard to gene order, gene size, intergenic distances, transcriptional orientation, and regulation of gene expression by temperature. Furthermore, PhoA' fusions were selectively found within genes already known to encode secreted products in S. flexneri, namely, ipaC (7, 38, 44) , mxiD (4), mxiM (3), mxiJ (3), and mxiG (31a). Finally, comparisons of the molecular weights of the PhoA hybrid polypeptide observed in the EIEC mutants with those predicted for S. flexneri (Table 2 ) and of the single-strand nucleotide sequences at the fusion sites (data not shown) revealed no significant differences between the EIEC and Shigella gene products considered here.
Analysis of three TnphoA mutations located at one end of the 30-kb plasmid segment identified a new, previously undescribed gene, invX, located immediately downstream of the spa24 homolog. Comparison of the nucleotide sequence of the proposed invX with a stretch of Shigella sequence downstream of spa24 (45) reveals near identity and conservation of the proposed reading frame. Furthermore, the primary structure of the 26 amino-terminal amino acid residues in both EIEC and Shigella species suggests that this region may function as a leader peptide during secretion of the protein product (Fig. 2) . This is consistent with the detection by immunoblot of a PhoA-cross-reactive hybrid polypeptide with an apparent molecular weight of 52,000 in PB255. Taken together, these data support the existence of invX in both species and, with the caveat of possible polar effects toward other undetected downstream genes, suggest a role for the invX gene product in invasion. It is tempting to hypothesize a function for invX akin to that of the nxi and spa genes in view of the presence of invX in the same operon. In preliminary experiments, excretion of the Ipa antigens was shown to be similarly negatively affected in mxiD, mxiM, mxij, mxiG, spa24, and invX mutants (22a) . It may nevertheless be significant that two of three mutations in the proposed invX gene and one immediately upstream exhibited Pcrvar phenotypes (Table 2 ). This observation distinguishes mutations in this locus from mutations in the mxi genes, which all produced a Pcr-phenotype indistinguishable from that of plasmid-free HB101. Thus, invX mutants, in contrast to mnxi mutants, may retain some ability to bind Congo red via unique surface properties.
In conclusion, within the limitations of our analysis and notwithstanding the possible role of point mutations, no extensive structural difference could be observed between some of the essential invasion plasmid genes of EIEC and S. flexneri. While this finding supports the earlier observation that the EIEC and Shigella plasmids are structurally and functionally equivalent, it does not solve the question of differential infectivity between the two species. In this respect, the findings that minor structural differences exist equally in all sequences analyzed in this study (data not shown) and that small molecular weight differences in the Ipa antigens can also be observed suggest that the difference between EIEC and Shigella infectivity may not be the result of a single quantum loss or gain of an invasion determinant. Rather, the observed difference in infectivity may result from the cumulative effects of a series of small changes in many genes, including chromosomal genes and genes of the plasmid vir regulon. 
